The 
Introduction
The Natural Heat Exchange Area (NHEA) system at Vale's Creighton Mine provides natural heating and cooling for the primary intake of the mine's ventilation system. The surface ambient air is continuously drawn from the surface and through a mass of broken rock created during prior sublevel caving operations using three main fans underground. The mass of broken rock allows for storing ambient heat and 'coolth' to condition the ventilating air. During winter, cold temperatures propagate from surface through the broken rock mass as a result of heat transfer between the incoming air and the broken rock. A similar process occurs in summer with a propagation of warm temperatures through the cooler broken rock mass. In other words, the NHEA is acting as a refrigeration system in summer, and a heating system in winter.
The airflow passes through boxholes and slusher trenches to millholes and ore passes. The airflow is controlled using 96 manually operated control doors near the millholes at each trench. The trenches with control doors are divided into four groups known as Blocks 1, 2, 5 and 6. The slusher trenches of Blocks 3 and 4 are inaccessible. The airflow from different trenches and different blocks is collected at a gathering area known as the 800 Level and from there the ventilating air is directed to the fresh air systems of the mine. The 3D geometry of the system is presented in Figure 1 .
There are sensors installed near the control doors to monitor the air temperature; this sensor data is archived by a real-time data historian -a system that logs time-stamped data. The air temperature at a trench control door changes gradually while the door state is unchanged. Once the temperature at a given door surpasses a pre-established trigger value, the door state will be manually changed. The trigger value, arrived at empirically, is a function of depth, block and season. Following this strategy, the NHEA has been an efficient replacement of mechanical heating and cooling systems for decades. However, estimates show that the current methods of operating the NHEA system will not provide sufficient cooling as the mine develops deeper (Ramsden et al. 2014) .
Figure 1 3D geometry of the NHEA and its surrounding mining structures (Schafrik 2014)
The present work aims to identify and assess engineering options for increasing the cooling capacity of the NHEA, to avoid or delay the need for mechanical refrigeration while providing effective ventilation for Creighton Mine throughout the year. For the purpose of enhancing knowledge about the current NHEA system and identifying potential engineering options, a three-dimensional computational fluid dynamics (CFD) model and an analytical 'network model' of the system has been built. Models are calibrated using archived sensor data and can be used for primary guidance for potential engineering designs to improve the NHEA system. In this paper, both models are introduced in detail and the simulation results are discussed for potential improvements to the system.
The three-dimensional computational fluid dynamics model
The CFD modelling of the NHEA system focuses on simulation of the thermodynamic interactions between the air and broken rock to compute the air temperature at each of the 96 control doors throughout the year. In this section, the NHEA's CFD model is described and the results of the simulation are discussed.
Geometry and boundary conditions
Using ANSYS 17.1 -DesignModeler (ANSYS, Inc. 2017), the geometry of the NHEA and size and location of the 96 control doors are modelled with reference to the geometry presented in Figure 1 . The meshed geometry of the NHEA is presented in Figure 2 where groups of control doors (blocks) are discretised with higher mesh element density. The mesh properties and model dimensions are reported in Table 1 . The volume of the broken rock in the NHEA is defined as a porous zone and the value of its porosity is calculated from the estimated bulking factor of 25 to 30% from the previous mining activities at the site (Schafrik 2014) . The porous zone is assumed to be initially homogenous, which might be a subject of change in further development of the CFD model. The value of porous zone permeability is defined based on the measured values of airflow and pressure at different locations within the NHEA. The defined values for thermo-physical properties of the NHEA's CFD model are reported in Table 2 . 
Numerical methodology
The model was solved by ANSYS 17.1 -Fluent (ANSYS, Inc. 2017) using the Semi-Implicit Pressure Linked Equations (SIMPLE) algorithm, second-order upwind discretisation and the algebraic multi-grid (AMG). The simulations ran for a period of 10 years with 3,653 time steps, 20 iterations per time step and an 86,400 second step-size (one day). The 10 year period of the simulation is defined with trial and error to assure that the simulation results are not affected by the arbitrary initialisation of the model. Each simulation took seven days to run on a 64-bit PC running Windows 7, with 32 GB RAM and an Intel®Core™ i7-4770k CPU @ 3.5 GHz processor.
Validation of the simulation results
The CFD simulation results were validated based on the field-measured temperatures at each of the 96 control doors and the ambient air temperature, for the year 2015. Considering the sinusoidal wave-like behaviour of the temperature curves in a period of one year, temperature curves at each of the control doors can be characterised with a value of phase (shift from the surface ambient air temperature curve) and amplitude (temperature range). Comparison of these two characteristics of the measured and simulated temperature curves at each of the control doors is the rationale to validate the CFD simulation results. It was found that with the defined thermo-physical properties and boundary conditions, the CFD model results were in good agreement with the field measurements. The temperature range at all outlets matched with the temperature range at their corresponding control doors. However, the phase-shifts matched at only 70% of the control doors. This might be due to inaccurate data for trench door locations, in addition to simplified boundary conditions and porous zone properties. Despite these, the current CFD model is capable of accounting for the fundamental thermodynamic behaviour of the NHEA.
Results discussion
The CFD simulation results are presented in Figure 3 . The simulated temperature curves and measured temperature curves at the control doors for three locations of the NHEA (close to the surface, mid-depth and the bottom) are plotted against the ambient temperature curves at the year 2015 (year 10 of the simulation).
The simulated temperature at the NHEA model outlets (in black) show an acceptable match with the measured temperature at the corresponding trench doors (in red), both in terms of temperature range and the phase shift from the ambient air temperature on the surface (in blue). The shift between the ambient air temperature graph and the control door temperature graph, as well as the reduction in the temperature range is a confirmation of the heat exchange that occurs between rock and air in the porous zone.
In addition, Figure 3 illustrates the temperature contours distribution in a cross-section of the NHEA and airflow trajectories across the entire NHEA for December 2015. At deeper levels of the NHEA, air has travelled deeper with longer trajectories. As a result, the air temperature has moderated to a relatively constant value (approximately 4°C) year-round at the control doors and within the porous zone. In contrast, closer to the surface, the temperature is more affected by the variation in the ambient air behaviour. This can be a measure for evaluation of engineering options with a calibrated CFD model. 
Analytical network model
In this section, the analytical model developed to capture the thermodynamic interactions between the air and the NHEA's mass of broken rock is described and the results of the simulations are discussed.
Network Heat Exchange Model
The analytical model of the NHEA, referred to as the Network Heat Exchange Model (HEM), was developed using Simulink -MATLAB (The MathWorks, Inc. 2017). This model consists of a ventilation network coupled with mass elements acting as heat storage nodes. A schematic presentation of the Network HEM is presented in Figure 4 .
In this model, the NHEA's mass of broken rock is considered to be a porous zone. In order to capture the rock mass geometry, mass and the total heat transfer area, the discretisation of the porous zone is different for each of the NHEA's blocks. All these parameters were subject to a non-exhaustive manipulation based on objective, measurable data defining the NHEA geometry. For example, Blocks 2 and 6 contain a larger portion of the rock mass compared to the other blocks, so they are given a greater share of the total rock mass. Even though the rock mass varies at different blocks, a fairly constant ratio of heat transfer area to block mass has been estimated for all of them which is between 3 × 10 -6 to 4 × 10 -6 m 2 /kg. The heat transfer coefficient is assumed to be 90 W/m 2 K, from which the previous ratio is derived. ). Note that the shock losses increase more than the expected square ratio of the areas because of the effect of the vena contracta and its dependency on the relative size of the orifice to the drift in which it is placed (McPherson 1993) . The analytical pressure flow showed good agreement with site measurements at each door.
In order to limit the size of the model, control doors are grouped and assigned to notional superlevels. The equivalent resistance of a superlevel is calculated considering parallel flows, and including an additional airway with an adjustable resistance to account for leakage; that is, airflow that passes through the NHEA without passing through control doors. Flow measurements at the NHEA indicate that 30 to 60% of the flow through each block does not pass through the control doors. This will be discussed in Section 4. Leakage resistances range from 0.5 to 10 Ns The Network HEM for each block of the NHEA combine in a ventilation model to represent the overall NHEA system. The schematic demonstration of this integration is presented in Figure 5 . The resistance of flow paths in the Creighton Mine ventilation network which are presented with branches in Figure 5 are defined based on the pressure drop and flow measurements in the mine. However, it should be noted that the ventilation network model presented in Figure 5 has been simplified compared to the actual mine's ventilation system. The fan pressures are assumed to remain constant, i.e. the operating point is considered in a somewhat steep area of the fan curve. In Figure 5 , the three main sets of fans drawing air through the NHEA are labelled as 1420, 2300 and 2600 and the return air shaft is labelled as 'Shaft #11'. These simplifications are considered acceptable at this stage of the study since they are not expected to affect the accuracy of the results.
Model validation
This section presents a comparison between the results of the NHEA Network HEM and the historical data from the NHEA. The graphs presented in Figures 6 through 9 show the simulated temperature of the air delivered from Blocks 1, 2, 5 and 6 at the collecting area (800 Level) against the corresponding measured temperature and surface ambient air temperature for a period of five years. There are short periods in the temperature graphs where the simulated and measured temperature do not match, some of which are due to the error of measurement of the temperature sensors located across the collecting area (800 Level) of the NHEA.
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Investigations to enhance the NHEA's performance
In this section, two opportunities that are expected to increase the cooling capacity of the NHEA will be discussed using CFD model and the Network HEM.
Using a greater volume of the broken rock mass
Based on the CFD results presented in Figure 3 , showing temperature variation at three different levels of the NHEA as well as the temperature contours at a cross-section of the NHEA, it can be observed that temperature variations at deeper parts of the NHEA are not significant. This can be attributed to having fewer control doors at the bottom of the NHEA which causes less airflow. A study of the old Creighton Mine design maps can guide the selection of potential locations in the bottom of the pit that could connect to the underground ventilation system to pull more air from surface to the bottom of the pit. This could be beneficial to direct cold airflow to the bottom of the system, which will promote the propagation of the mass of cold temperature to deeper parts of the NHEA during the winter. This could potentially cool down a larger volume of the broken rock mass and provide additional cooling capacity during the summer months.
Reducing leakage in the system
The airflow survey conducted at the NHEA control doors and on the collecting area (800 Level) has confirmed that there is a great amount of leakage in the system, an average of 30 to 60% leakage at each block, which results in uncontrolled air entering the collecting area (800 Level). It is expected that locating and sealing the sources of the leakage will provide the ability to lower the average temperature of the air on the collecting area for delivery to the deeper levels of the mine.
This has been studied using the network model. The current leakage resistances, according to the measured leakage, are presented in Table 3 , as well as the resistance values used to simulate an optimistic case in which leaks are reduced as much as possible. Figures 10 to 13 present results from the network model of the NHEA for airflow and air temperature delivered from Blocks 1, 2, 5 and 6 for a period of five years (2011 to 2015) . Based on the presented results, it can be concluded that, as a result of leakage reduction in the system, the average annual temperature of the air delivered from each block does not change significantly; however, the average peak temperature (maximum temperature) may be reduced by 1.0 to 2.0°C in Block 1 and between 0.5 and 2.0°C in Blocks 2, 5, and 6. Total flow remains mainly unchanged before and after leakage reduction since fans are modelled with constant pressure. This assumption regarding fan operation requires further analysis if leakage reduction is to be pursued. 
Conclusions and future work
The NHEA at Vale's Creighton Mine in Sudbury, Ontario, Canada is a valuable asset which provides natural cooling and heating for Creighton Mine's ventilating air. The system is being studied for performance improvements to increase its cooling capacity as deeper levels of the mine come into operation.
A three-dimensional CFD model of the NHEA as well as a network heat exchange model have been designed and calibrated using the recorded temperature data at the NHEA. The models work together to help with identifying and evaluating the opportunities for a different control strategy of the NHEA system to provide cooler ventilating air and to avoid or delay the need for mechanical heating and cooling systems.
The current CFD model is capable of reproducing characteristics of the NHEA qualitatively, which leads to a better understanding of the system. A quantitative calibrated model is essential for the confident evaluation of engineering options to improve NHEA performance and provide cooler air to deeper levels of Creighton Mine. This can be achieved by manipulating the thermo-physical properties of the CFD model and replacing simplified assumptions by more realistic representations. The current calibrated models and historical data recorded at the NHEA can provide the principal guidance for potential modifications to the NHEA system. Two examples of control strategies were presented in the paper and discussed according to the CFD and network model results. Although the current network model has proven to be adequate for preliminary analysis of the control strategies, a more detailed model could be suited for more detailed analyses.
The next step is to conduct further field tests for supplementary knowledge of dynamic thermal behaviour of the system such as the effect of gravity, fluid property variations with temperature, pressure and water content, ice formation and its possibility to block airflow paths within the NHEA's porous zone. Explicitly considering these parameters in CFD and network models will allow for more detailed analysis of the potential engineered modifications to the system to enhance the NHEA.
